Escherichia coli Kl strains, isolated from human newborns with meningitis, were fed to pathogen-free Sprague-Dawley infant rats by an oral gastric tube. Feeding of 103 to 1011 organisms colonized the intestine of approximately 70% of the animals. At 5 days postfeeding of 3-to 5-day-old rats, bacteremia was detected in 60%, and meningitis occurred in 15% of bacteremic animals. Colonization and bacteremia were age-related. Rats 15 days old had only 19% colonization and 10% bacteremia, and those 30 days old were almost completely resistant to colonization and bacteremia. The intranasal route was less effective in inducing colonization and bacteremia. Intralitter transmission from E. coli Klfed rats occurred, with 52% of water-fed controls becoming colonized and 15% becoming bacteremic. Colonization of mothers from their fed infants occurred, but none of five tested developed bacteremia. Other E. coli capsular polysaccharide types were studied. A K92 strain isolated from a newborn with meningitis induced a 77% colonization rate, and 8% of these developed bacteremia without detectable meningitis. An E. coli K100 strain showed a 32% colonization rate, and 2% developed bacteremia. The age relation, relatively high virulence of Kl compared with other capsular types, spontaneous appearance of colonization, bacteremia, and meningitis, and intralitter transmission of colonization and disease in newborn rats closely parallel E. coli epidemiology in human neonates.
The risk for gram-negative bacterial meningitis is highest for neonates. The most frequent gram-negative species causing neonatal bacterial meningitis is Escherichia coli (5, 7, 8, 10) . Although there are now 154 somatic (0), 34 flagellar (H), and 100 capsular (K) antigens reported for the Escherichia species, strains with the Kl capsular polysaccharide account for about 80% of these cases of meningitis (14, 16, 18) . The pathogenic role ofKl is also demonstrated by the observations that it is the most common capsular type in neonatal septicemia without meningitis and in childhood pyelonephritis (11, 13) .
Kl strains are found frequently in high concentrations in stools of healthy individuals of all ages, including newborns and parturient females (18) . Analysis of E. coli serotypes in cerebrospinal fluid (CSF) from newborns indicates that most strains can also be simultaneously detected in the infant and maternal stool. Maternal-infant and attendant-infant transmission also occurs without development of dis-ease (18, 19) . Previous studies have shown that suckling, but not adult, rats are susceptible to Haemophilus influenzae type b meningitis after intranasal challenge (15) . In the studies reported here, infant rats fed E. coli Kl strains developed a high rate of intestinal colonization, bacteremia, and meningitis. The characteristics ofthis experimental model are described.
MATERIALS AND METHODS
Bacteria and media. E. coli strains C94 (07:K1: H-), EC3 (01:K1:H-), Easter (075:K100:H5), N67 (013:K92:H4), N70 (023:K22:H15), and LH (075: K1:H3), andH. influenzae type b strain Eagan (HIB) were lyophilized and stored at 4°C; a new ampoule was rehydrated for each experiment (1, 17, 18, 20) . Strains C94, N67, and N70 were isolated from neonatal meningitis (17) . Purity and identity of Kl cultures were established by observing halo formation on Davis minimal medium (DMM) agar containing meningococcus group B antiserum (2, 17) . (We thank Jane Pitt for suggesting the use of this medium.) This medium supports the growth of E. coli, but not Proteus species and gram-positive organisms. E. coli K100 and K92 were identified with HIB (20) and meningococcus group C antiserum agar, respectively (19 In an attempt to increase the number of animals developing meningitis, six litters were isolated from their mothers 4 h prior to and for 36 h after feeding of strain C94 (Table 2) . These animals were kept warm and given glucosewater by tube to prevent dehydration. Bacteremia occurred in 81%, and in 25 of the 42 rats with bacteremia the number of organisms was Table 4 shows the effect of challenging the infant rats with HIB and E. coli Kl by the intranasal or intestinal route. The highest bacteremic rates were observed for the nasally administered HIB (56%) and for the fed E. coli (56%). The differences in rates for each route were significant (P = 0.01) for both organisms. Some bacteremia occurred in the other groups, but swallowing and subsequent intestinal multiplication of the nasally administered Kl strain may explain the 15% bacteremia observed in this group.
Effect of age upon induction of colonization, bacteremia, and meningitis. No significant difference in the rates of bacteremia and meningitis resulted from feeding C94 at 3 or 5 days of age (Table 5 ). Colonization was readily achieved after feeding at all ages. However, difficulties in feeding and stool samples may explain the apparent age-related differences between 3-and 5-day-old animals. Colonization and bacteremia were both significantly lower in animals fed at 15 days or older (P = 0.01). Bacteremia was observed in 10% of the animals fed at 15 days of age, but there were no positive Duration of colonization related to bacteremia. Figure 1 shows the duration of colonization and the development of bacteremia in 5-day-old rats fed 108 strain C94 organisms and observed for 8 (18) . Studies have documented that the identical serotype of E. coli is usually isolated from neonatal CSF, blood, and stool and maternal stool, suggesting that contamination with maternal flora occurs either at the time of birth or possibly in utero (19) . E. coli C94 (07:K1:H-) is a representative serotype of strains from neonatal E. coli Kl meningitis (18) . Feeding of strain C94 consistently resulted in colonization and bacteremia. Meningitis occurred in 13% of bacteremic animals. EC3 (O1:Kl:H-), another Kl strain isolated from a neonate with meningitis, tended to give poorer halos on antiserum agar plates and was not as virulent as C94 in the infant rat when bacteremia was used as the criterion. However, mortality in animals fed EC3 was greater than that caused by C94. The third Kl organism, LH (075:K1:H3), was isolated from the urine of an adult female with pyelonephritis. (We are grateful to Lars Hansen for providing this strain.) This strain was as virulent for infant rats as strain C94.
Three encapsulated but non-Kl E. coli strains were also used as challenge organisms. Strain Easter is a nonpathogenic E. coli (075:K100:H4) isolated from normal stool and possessing a polysaccharide capsule cross-reactive with the capsule of HIB (20) . Strain Easter was always less effective in colonizing animals than was C94. Bacteremia was noted in only 1 of 63 fed animals, indicating that this encapsulated E. coli is less likely to invade the bloodstream (9) . The other organisms were isolated from the CSF of neonates with meningitis. One of these, strain N67 (013:K92:H4), has a polysaccharide capsule cross-reactive with meningococcus group C (19) . Colonization was readily achieved with N67, but bacteremia with either N67 or N70 (023:K22:H15) was infrequently observed (<10%) and no meningitis was detected. Colonization with N70 could not be determined because of lack of a specific marker in mixed stool cultures. N70 blood cultures were identified by culture and stain characteristics.
The results of inoculating animals intranasally versus oro-gastrically suggest that E. coli Kl is less likely to invade the nasopharyngeal mucosa and prefers the milieu of the gastrointestinal tract. HIB is rarely recovered from stool cultures and is not suited for the gastrointestinal tract. In humans and infant rats, HIB invades the bloodstream via the nasopharyngeal mucosa (15) . The one positive blood culture seen after HIB was fed may represent contamination of the pharynx when the tube was withdrawn.
Colonization and invasive disease were both age-related. Rats 15 or 30 days old did not colonize as readily as 5-day-old rats and had a significantly lower incidence of bacteremia. Failure to colonize may be due to several factors, such as the presence of established gut flora, the increased gastric acidity, or the development of local or systemic immunity in older animals, including passive transfer of colostral antibody. Further, meningitis was not detected in any animal fed at 15 days or older.
Transmission of encapsulated bacteria from E. coli-fed infant rats to water-fed littermates occurred with all the organisms tested. This ease of transmission parallels the demonstration of infant to attendant to infant transmission of Kl colonization and disease observed in humans (17) (18) (19) . The peak incidence of colonization and bacteremia in controls with Kl-fed littermates occurred at 6 days postfeeding. The delayed peak of bacteremia may represent transmission of small numbers of organisms which colonize and invade after reaching a critical concentration in the gastrointestinal tract. A similar observation has been mentioned recently with Salmonella infection (3). It is of interest that nursing mother rats were readily colonized when caged with their Kl-fed pups. This may be due to prolonged exposure to large numbers of Kl organisms harbored by the colonized pups.
Colonization of 5-day-old rats persisted for up to 8 weeks. Bacteremia occurred within 10 days of feeding and reached a peak incidence at 3 days postfeeding. It would appear that bacteremia occurs shortly after colonization in the susceptible animal and leads either to death or to clearing of the bacteremia with persistence of colonization. Long-term studies of colonization are not available in human infants or adults.
The development of meningitis in infant rats occurred spontaneously and was detected in only 15% of bacteremic animals. In several instances, CSF culture was positive with no evidence of pleocytosis. Since animals were sacrificed at the time CSF culture was obtained, it was not possible to determine whether progres- (12, 21) ; however, purified anticapsular antibody conferred protection against lethal mucine-enhanced infection in mice (13, 17, 19) . The establishment of a valid model for neonatal E. coli Kl bacterial meningitis could provide the basis for study of the pathogenesis of disease and mechanisms of immunity.
